This report details the progress made in measuring the temperature dependence of the electronic and optoelectronic of devices made with individual carbon nanotubes.
INTRODUCTION
The detection of low levels of light in the infrared region of the electromagnetic spectrum is central to many applications across the Sandia Missions. Existing approaches for infrared detection use exotic semiconductor materials (e.g. HgCdTe), which raises issues with reliability, performance, and cost. Novel approaches for optical detection that would use different materials, in particular ones compatible with existing CMOS fabrication infrastructure, would be valuable. The advent of nanotechnology brings novel materials with unique properties for infrared detection; carbon nanotubes are particularly attractive, but much research and development is needed to establish firmly their electronic and optoelectronic properties.
In order to realize the promise of nanotubes for infrared detection, it is important to understand the fundamental electronic and optoelectronic processes that govern their properties so that the best IR pixels can be designed. To reach this goal, it is important to measure the temperature dependence of the electronic and optoelectronic properties. Measurements of the temperature dependence allow us to differentiate between different electronic and optoelectronic mechanisms. For example, rectifiers are essential for photodetection, but often suffer from soft breakdown at reverse bias due to carrier multiplication, tunneling, or generation. It is usually difficult to distinguish between these cases by doing measurements at a single temperature; however, the temperature dependence of these processes are all different, and thus the dominating phenomenon can be identified based on the temperature dependence. Identifying the electronic and optoelectronic processes is important to assess the promise of carbon nanotubes for IR detectors, and to design pixels that take full advantage of these properties.
MEASURING THE TEMPERATURE DEPENDENCE OF CNT ELECTRONIC DEVICES
The temperature dependence of field-effect transistors with individual carbon nanotubes as the channel material was measured using a variable-temperature and variable-pressure probe station. CNT FETs were fabricated by depositing CNTs from solution onto a SiO 2 wafer, and electrical contacts were patterned using conventional photolithography. Figure 1 shows an AFM image of a nanotube device obtained by deposition of nanotubes from solution onto a SiO 2 substrate.Several such devices were fabricated and tested. Figure 2 shows the measured current in a CNT FET when applying a source-drain voltage. The device shows a slightly asymmetric behavior which can be ascribed to slightly different properties of the two contacts. Measurements we performed at different temperatures and clearly show that the current increases with increasing temperature. This implies that thermally activated processes play an important role in these devices. We also measured the gate dependence of the I-V curves as shown in Fig. 2 . The results show that the current can be modulated for both voltage polarities, with a negative gate bias leading to higher currents. This is consistent with a p-type behavior of the devices. We also compared these same measurements in vacuum ( Fig. 2 left panel) and in ambient ( Fig. 2 right panel) and found that vacuum invariably leads to a decrease in the amount of current. This behavior could originate from desorption of molecules from the nanotube or from the substrate; additional experiments would be necessary to further explore this point. 
Results

